Aiming at the softening problem of 7075 superhard aluminium welded joints such as hot cracks and gas holes in traditional fusion welding process, a dynamic robust control model based on the relationship between friction stir welding process parameters and welded joint strength is established. According to the non-linear relationship between global motion estimation and welded strength parameters, a dynamic robust control model of stirring needle motion is established, and the physical parameters such as elongation after fracture, tensile strength and hardness are calculated. A robust dynamic evolutionary optimization model of welding process parameters is established in the future to realize real-time optimization control of process parameters. On the basis of global motion control, the electric power output of the friction stir welding main motor is predicted according to the required line energy input of the stirring needle motion characteristics, and the real-time optimal control method of the motor electric power based on the expected thermal energy input of the welding process is established. A series of strength tests of welded joints based on the model show that the predicted results of the model can meet the needs of engineering and have practical value in engineering.
I. INTRODUCTION
7075 series aluminum alloy is widely used in aerospace, military, vehicle and other fields due to its high strength.
The traditional riveting process has the advantages of easy operation and high tensile strength in high-strength aluminum alloy welding [1] - [3] . However, it is difficult to achieve the current lightweight requirements of the aluminum alloy structure due to the additional structural weight of the riveted joints. By using friction stir welding as solid phase welding, the problem of joint softening such as pores and hot cracks in the welding process caused by TIG or laser welding process can be well solved [4] - [6] . Scholars' optimization research on the performance of friction stir welded joints only focuses on the adjustment of welding process parameters or heat treatment methods, and the experimental simulations related to welding are not deep enough [7] .
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Since friction stir welding involves metal plastic flow and deformation energy release process, the size of dynamic recrystallized grain decreases with increasing strain rate [8] . However, the relationship between the parameters of the dynamic recrystallization process and time must be nonlinear, and the motion of the friction stirrer corresponding to this should also be nonlinear.
During the friction stir welding process, the stirring needle is continuously moved in three dimensions, and the specimen itself also has slight displacement and vibration. Therefore, in the actual welding process, the mixing needle, the test piece, the plastic flowing metal in the weld and the metal during the deformation energy release process have their own movements, and the complex form of motion is mainly caused by the movement of the agitating needle. This paper refers to it as frictional friction global motion.
Aiming at the metal plastic flow and its thermodynamic nonlinear characteristics during high-hardness aluminum alloy welding process are studied. The global motion robust control model of friction stir welding which can fit the plastic flow of the weld metal and the nonlinear process of cooling is studied, and the dynamic optimization control of the welding process is implemented. The tensile strength of the welded joint after welding is compared with the tensile strength of the friction stir welded joint with the traditional fixed parameters to improve the welding quality.
In this paper, 7075 super-hard aluminum is used as the experimental plate. Under the condition that the rotation direction and angle of the mixing head are kept constant at 2.5 • , the motion law of metal plastic flow and deformation energy release during friction stir welding is found by global motion control. First, global motion estimation is performed to obtain the vibration and displacement parameters of the test piece. Then, according to the temperature of the test piece, the plasticizing flow of the weld metal and the change of the grain size of the dynamic recrystallization, the stirring needle is motion compensated. The next moment movement parameter of the stirring needle can be obtained, and the ideal movement state of the stirring needle can be realized. Aiming at the line energy input control problem in the welding process, the main motor power robust estimation model is established to determine the optimal motor energy output power prediction value to ensure that the required input thermal power meets the global motion control requirements during the online energy control period. The strength test of welded joints shows that the prediction results of the model can meet the engineering needs and have practical value.
II. ROBUST ESTIMATION MODEL FOR FRICTION STIR WELDING GLOBAL MOTION STATE
According to the principle of friction stir welding, the agitating needle is rotated at a certain speed during the welding process to be inserted into the joint interface of the material to be welded, and subjected to a certain downward pressure. And the frictional heat between the rotating stirring head and the test piece causes strong plastic deformation of the material in the advancing direction of the stirring head [9] , [10] .
The shoulder can not only rub against the surface of the welding material to generate frictional heat, but also prevent the mixing head from spraying the plasticized base material from the weld zone at high speed, and at the same time, it can remove the oxide film on the surface of the material to be welded. As the mixing head moves, the highly plastically deformed material flows to the back of the mixing head, and the material behind the mixing head cools to form a solid weld [11] - [13] .
According to the TIG welding control principle shown in Figure 1 , the nozzle and the wire are advanced at a certain speed during the welding process and inserted into the arc at the interface where the tungsten electrode is bonded to the material to be welded. This paper defines the agitator needle motion rectangular coordinate system as: take the center line of the weld as the horizontal axis (x axis), and take the straight line of the weld welding starting point parallel to the axis of the stirring needle as the vertical axis (y axis) to form a rectangular coordinate system. According to the definition of the stirring needle motion coordinate system, the x-axis is the direction of the agitation needle forward speed, the yaxis is the axial pressure direction, and the y-axis is also the agitating needle rotation axis. The position vector of the agitating needle in its motion coordinate system is defined
According to the principle of friction stir welding process, the mathematical model describing the state of friction stir motion is defined as:
where: t is time; v is the position vector during the stirring needle movement. During the movement of the agitating needle, the relationship between the position vectors (x, y) and (x , y ) of the agitating needle between the two moments can be expressed as:
Stirring needle global motion vector is defined as:
where: c, f are the forward motion relationship parameter of the stirring needle at two adjacent moments.; a, b are the axial motion relationship parameter of the stirring needle at two adjacent moments; d, e are the rotational motion relationship parameter of the stirring needle at two adjacent moments. According to the global motion vector M and the frictional friction motion state F(v, t) at time t, the global motion state at time t + t is: F(v, t + t, M ). The position of the stirring needle position in F(v, t) and F(v, t + t, M ) satisfies the following relationship:
From equation (4), the global motion state estimation of the agitating needle is to solve the most global motion vector M , the F(r, t + t, M ) of the frictional motion state model under the global motion vector M of equation (1) is most similar to optimal frictional friction state F(r, t + t) in the welding process under the least squares criterion.
III. DYNAMIC ROBUST CONTROL MODEL FOR AGITATING NEEDLE MOTION
According to the principle of friction stir welding, under a certain axial pressure, the advance speed of the stirring head is generally 70-100 mm/min, the rotating speed is generally 800-1000 r/min, and the welding process is generally 10-30 min [14] . Therefore, in order to realize the dynamic control of the friction stir welding process and to satisfy the robustness of the control model within the range of mechanical, physical and chemical factors, it is necessary to make a real-time and accurate estimation of the motion state of the stirring needle during the welding process. The Gauss-Newton (GN) method or the LM method used for motion control have good convergence, but the calculation amount is large, so it is not conducive to the fast dynamic calculation of the stirring needle motion state during the welding process. Aiming at this problem, the dynamic motion robust control algorithm of the stirring needle based on Gauss-Newton method is proposed.
Assume that the position vector of the stirring needle in the motion coordinate system is [X (t), Y (t)]T at time t. Then, the position vector of the stirring needle in the coordinate system is [X (t + t), Y (t + t)]T at the next moment, and the position of the stirring needle at two moments satisfies the following relationship:
The dual relationship of the above formula is:
where:
If t is small enough, it can be assumed that the temperature of all points in the metal multiphase thermodynamic system at two times is constant.
Under the condition of constant temperature, it is assumed that there are N possible positions of the stirring needle position vector in the rectangular coordinate system of the stirring needle motion at t + t, and the relationship between the N position vectors is:
. . . . . .
where: i is the i-th vector point where the stirring needle is in the motion coordinate system. Equation (7) is a superconstrained equation system. The number of unknowns is 6, and the total number of equations is N. Then equation (7) can not find an exact solution. Set F denote the vector matrix formed by the position vector of the stirring needle at the time of (t + 1), and F(M ) denote the operational state estimation matrix under the global motion vector M, then:
The calculated value I (X i (t), Y i (t), t) of the optimal position vector of the stirring needle is expanded at the true value
where: (
is the position vector of the stirring needle position vector at the time t at the stirring motion coordinate system of (X (t), Y (t)) at t + t. According to the formula (6), (X (t + t), Y (t + t)) in the formula (10) is represented by (X (t + t), Y (t + t)), then:
Each feasible stirring needle position vector has an equation (11) as a constraint, and the constrained equations thus obtained are also super-constrained equations. However, the parameters cannot be solved directly, and the matrix needs to be used to represent the equation:
Then there is:
Available from formula (11):
The energy function of the deformation energy change during the welding process is defined as:
where: W is the weight matrix. M is a diagonal matrix, and its diagonal element W i represents the weight of the i-th possible agitating needle position vector to the deformation energy of the weldment. Set:
According to the above formula can be derived:
According to formula (12): (11), we can get:
Then, according to M 1 and M , the global motion vector model between the t + t time and the t-time stirring needle position vector of the first iteration is:
From the above formula, the stir needle global motion control vector M 1 obtained in the first iteration can be obtained:
Iteratively solve according to equation (12) until the end condition is met. Then, the optimal global motion vector M of the stirring needle at time t and time t + 1 is obtained.
According to the formula (4) in the previous section, the optimal position vector F(v, t + t, M ) at the next moment can be obtained. Since the position of the stirring needle is determined by three parameters: axial stress, rotational speed and forward speed. Then, after obtaining the optimal position vector, the parameters of the stirring needle can be controlled according to the optimal position vector.
IV. ROBUST ESTIMATION MODEL FOR MAIN MOTOR POWER OUTPUT A. MAIN MOTOR POWER ROBUST ESTIMATION MODEL
The line energy of the energy input of the welding process is expressed as:
where, P IN is the motor output power, k IN is the electric heating power conversion coefficient, µ IN is the friction factor, n IN is the stirring head speed, F IN is the welding pressure; v IN is the welding speed. In a line energy control period, for the global motion vector M with uncertainty, the predicted power Q IN and its probability c that the main motor of the friction stir welding equipment should output are calculated in real time. In the actual friction stir welding process, the main motor will output the actual power of size r. At the end of a line energy control period, for the case where the motor output power is less than the thermal power, the under-input of the welding process line energy will be Q INS , If the motor output power is greater than its corresponding thermal power, the over-input amount of the welding line energy will be Q INV .
The line energy input control problem in the welding process can be converted into an optimal motor energy output power predicted value Q * at the beginning of the online energy control period to ensure that the required input thermal power meets the global motion control requirements during the online energy control period.
Under the premise that the stirring head motion control parameter is known and its corresponding thermal power input quantity and its probability distribution form are unknown, the motor output power control scene d is divided into m scenes according to the line energy control cycle time length:
The value of each scene d i (i = 1, 2, . . . . . . , m) corresponds to a line energy control time length. Set the probability of the motor output power predicted value and the thermal power error of e i (i = 1, 2 . . . . . . , m) in the d i scene be P r (d = d 
In order to make the main motor output power prediction value Q accurately reflect the actual heat input power under the welding process line energy control scenario d, the fitness function is defined as:
The optimal output power of the motor is:
where, E[·] is the expectation operator. Set p = (p 1 , p 2 , . . . . . . , p m ) T represent the unknown probability vector of the error between the motor output power prediction and the required thermal power at a future time. Then, under the uncertain probability distribution of the motor output power prediction error, the problem of robust estimation of motor output power can be expressed as:
where β is the fitness risk tolerance, expressed as the probability that the motor output power is less than the thermal power required for the welding process. α Q is the threshold of the fitness function ξ (Q; d). Set auxiliary vector u = (u 1 , u 2 , . . . . . . , u m ) T , and equation (19) can be transformed into a robust optimization problem:
B. ROBUST ESTIMATION MODEL FOR MAIN MOTOR OUTPUT POWER
Since equation (20) contains an unknown probability vector p, it is difficult to solve directly. This paper is aimed at predicting the error probability of motor output power with uncertainty. Converting the above optimization problem into a confidence estimate of the motor output power prediction confidence domain that satisfies a certain confidence level, namely, the optimum issue of Equation (20) is turned into the issue robust plan.
Set the motor output power prediction error be the probability vector of the scene of each line energy control period length p = (p 1 , p 2 , .., p m ) T ≥ 0. The probability vector of the motor output power prediction credibility in each scene corresponding to it is q = (q 1 , q 2 , .., q m ) T ≥ 0. The divergence function between the motor output power prediction reliability and the motor output power prediction error probability is χ 2 -distance function [15] :
The prediction results of the m motor output powers obtained by the friction stir welding process are: d 1 , d 2 , . . . , d m , and N samples of the prediction result scene are obtained. At the confidence level 1-K , the confidence domain of the motor output power prediction confidence probability p in each scenario is:
where, e T = (e 1 , e 2 , . . . , e m ) is the error vector of the motor output power prediction in each scene.p N = (p 1,N , p 2,N , . . . , p m,N ) is the maximum likelihood estimate of the probability p on the basis of N samples. For a small sample size N :
where, δ ϕ and γ ϕ are correction parameters, and φ , φ and φ are second-order, third-order, and fourth-order derivatives.
where, s is used as an auxiliary parameter, and s = m i=1 1 p i,N Then under the uncertain probability set, the minimum constraint problem of equation (6) is transformed into: where, φ * is the conjugate function of function φ. Then the parameter optimization problem of equation (6) is transformed into a robust programming problem:
V. TEST AND RESULT ANALYSIS VERIFICATION
In order to obtain the flawless welded joints with the best tensile strength, it is preferred to use the optimum welding process parameters and the ratio of ω/v. The AA7075 test panels used in the paper are as shown in Table 1 . Welding parameters are shown in Table 1 . For the tensile test, a non-standard sample of the size shown in Figure 2 was used. Two samples were taken for each specification parameter, and the SANS type electronic universal testing machine was used for the tensile test at room temperature. The gauge length was set to 30 mm and the tensile rate was 0.5 mm/min. The tensile strength was calculated from the average of the tensile deformation length of the two samples.
Five sets of friction stir welding without motion control and 5 sets of friction stir welding with motion control were carried out. After applying the global motion robust control, the comparison between the motion state of the stirring needle and the motion state of the stirring needle without the application of robust control is shown in Figure 3 .
As shown in Figure 4 , due to the application of the motion control, the traveling state of the agitating needle during the welding process is adjusted in real time according to the welding process. In the welding process without the application of robust control, the parameters of the stirring needle are relatively small.
After the welding is finished, the tensile strength test is performed on the welded parts to compare the effects of the motion control. It can be seen from Table 3 that the global dynamic robust control of the stirring needle movement can effectively improve the tensile strength of the 7075 superhard aluminum alloy welded joint. The test results are shown in Figure 4 and Figure 5 . The experimental results of the rotation speed and the forward speed are the group numbers. Figure 5a shows the fracture morphology of the welded joint obtained under the welding process parameters of the rotation speed of 1000r/min and the forward speed of 50mm/min, showing the fracture mode of the cleavage tongue type. This is because twins hinder the advancement of cracks. In the separation of twins and substrates, the cracks deviate from the original expansion direction. These dimples are evenly distributed, and the morphology is small and deep. The fracture is composed of dimples with large differences in size and size, showing the characteristics of pore accumulation. The small dimples are shallow and evenly distributed, and the large dimples contain broken particles. This is because during the stretching process, holes are formed inside the aluminum plate, and under the action of displacement, the holes become larger and are connected with other holes. Figure 5b shows the fracture morphology after applying the motion control under the same welding process parameters, showing the traces of the deformation arc. The fracture consists of a dimple with a large difference. The large dimple contains many broken particles, and the dimple is caused by the accumulation of pores. Figure 6 is the EBSD organization diagram of the fracture morphology of the welded joint obtained under the welding process parameters of the rotation speed of 1000r/min and the forward speed of 120mm/min. 7075 aluminum alloy is used as a face-centered cubic structural material. During the friction stir welding process, the (111) surface is almost parallel to the cutting plane of the stirring needle, and parallel to the tangent of the stirring needle is the [110] direction. It can be seen from Figure 6a and Figure 6b that there are a small amount of twinned microstructures in both sets of samples, and the grains are finer under the robust control conditions of the friction stir process. As can be seen from Figures 6c and 6d , the [110] silk texture was formed under the rotary extrusion of the stirring needle, and a (110) [001] Gaussian texture was also formed. Under the robust control condition of the friction stir process, the (110)[001] Gaussian orientation has more grain components, and the grain orientation of the grains is rotated by a certain angle along the <111> crystal orientation.
VI. CONCLUSION
(1) Friction stir welding can improve the quality of welded joints of 7075 to some extent, but in the welding parameters, the rotation speed and forward speed of the mixing head are not single constant, and the other can be adjusted moderately. The ratio of the two changes within a certain range, showing a nonlinear jump. (2) The global robust optimization model of the friction stir welding process parameters is established, and the speed stress of the stirring needle is monitored and optimized in real time during the process of friction stir processing, which can effectively control the grain crystallization characteristics of the weldment joint. (3) A robust estimation model of main motor power is established to determine the optimal motor energy output power prediction value to meet the global motion control requirements. The strength test of welded joints shows that the prediction results of the model can meet the engineering needs and have practical value. 
